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A new acetotrophic marine methane-producing bacterium that was isolated from the methane-evolving
sediments of a marine canyon is described. Exponential phase cultures grown with sodium acetate
contained irregularly shaped cocci that aggregated in the early stationary phase and finally differentiated
into communal cysts that released individual cocci when ruptured or transferred to fresh medium. The
irregularly shaped cocci (1.9 + 0.2 mm in diameter) were gram negative and occurred singly or in pairs.
Cells were nonmotile, but possessed a single fimbria-like structure. Micrographs of thin sections showed a
monolayered cell wall approximately 10 nm thick that consisted of protein subunits. The cells in aggregates
were separated by visible septation. The communal cysts contained several single cocci encased in a
common envelope. An amorphous form of the communal cyst that had incomplete septation and internal
membrane-like vesicles was also present in late exponential phase cultures. Sodium acetate, methanol,
methylamine, dimethylamine, and trimethylamine were substrates for growth and methanogenesis; H2-CO2
(80:20) and sodium formate were not. The optimal growth temperature was 35 to 40°C. The optimal pH
range was 6.5 to 7.0. Both NaCl and Mg2+ were required for growth, with maximum growth rates at 0.2 M
NaCl and 0.05 M MgSO4. The DNA base composition was 41 ± 1% guanine plus cytosine. Methanosarcina
acetivorans is the proposed species. C2A is the type strain (DSM 2834, ATCC 35395).

Low rates of methanogenesis occur in sulfate-rich marine
sediments where sulfate reduction is the predominant termi-
nal process in the anaerobic degradation of organic matter
(34, 35). Methanogenesis predominates in marine environ-
ments where sulfate is readily depleted, which include the
lower depths of marine sediments (24), sediments that re-
ceive large amounts of organic matter (26), and the elevated
portions of marine marshes (14). Although acetate is the
major precursor for methanogenesis in these sulfate-deplet-
ed sediments (31), marine acetotrophic methane-producing
bacteria have not been isolated.

Several methanogenic bacteria that utilize H2 or formate
for growth have been isolated from marine sediments (7, 9,
11, 28-30, 39, 40). Recently, two marine methylotrophic
species, "Methanococcoides methylutens" (36) and Meth-
anolobus tindarius (15), were described, but neither utilizes
acetate for growth. We describe here the first marine meth-
anogenic bacterium reported that utilizes acetate in addition
to methanol and methylated amines as a substrate for growth
and methanogenesis.

MATERIALS AND METHODS
Source of inoculum. Marine sediment was obtained as

described previously (36) from the Sumner branch of Scripps
Canyon located near La Jolla, Calif.
Media. Sterile media were prepared under an N2-CO2

(80:20) atmosphere by a modification of the Hungate tech-
nique (2). All gases were passed through a column of
reduced copper filings at 350°C to remove traces of 02-
Enrichment medium was as described previously (36) with
0.02 M sodium acetate as the substrate. The enrichment
medium contained artificial seawater supplemented with the
following constituents at the indicated final percent composi-
tions (weight/volume): NH4Cl, 0.05; Na2CO3, 0.1;
Na2HPO4, 0.035; NaH2PO4, 0.030; cysteine-HCl * H20,
0.025; Na2S * 9H20, 0.025; FeSO4, 0.001; resazurin, 0.0001.

* Corresponding author.

In addition, 1% (vol/vol) vitamin solution and 1% (vol/vol)
trace element solution were added (43). The final pH of the
medium was 7.2. Roll tubes contained enrichment medium
with the addition of 2% purified agar. Maintenance medium
(36) contained the following constituents at the indicated
final percent compositions (weight/volume) in demineralized
water: NaCl, 2.34; MgSO4, 0.63; Na2CO3, 0.5; yeast extract,
0'1; NH4Cl, 0.05; KCl, 0.08; CaCl2 * 2H20, 0.014;
Na2HPO4, 0.06; cysteine-HCl * H20, 0.025; Na2 S * 9H20,
0.025; resazurin, 0.0001. In addition, 1% (vol/vol) each of
vitamin and trace element solutions (43) and 0.05 M of the
indicated substrate were added to the medium. The final pH
of the medium was 7.2. Strains were maintained on agar
slants of maintenance medium with sodium acetate con-
tained in 16- by 150-mm anaerobe tubes (Bellco Glass, Inc.,
Vineland, N.J.) that were sealed with butyl rubber stoppers.
Enrichments and isolation. Enrichments were started by

adding sediment (5 ml) to 160-ml serum vials (Wheaton
Scientific, Millville, N.J.) that contained 45 ml of enrichment
medium. The vials were purged with N2-CO2 (80:20) and
sealed with butyl rubber septa secured by aluminum crimp
collars (2). The cultures were incubated in the dark at 25°C.
After methane production subsided, 5 ml of the culture was
anaerobically transferred into a new vial of sterile enrich-
ment medium. This procedure was repeated for five succes-
sive transfers, and then 1 ml of the culture was transferred to
an agar slant of maintenance medium that contained 0.05 M
sodium acetate and vancomycin (100 mg/liter). The use of
agar slants enhanced growth, and the vancomycin inhibited
the growth of nonmethanogenic organisms. When the liquid
of syneresis became turbid, serial dilutions of the culture
were inoculated into tubes (25 by 150 mm) of molten agar
maintenance medium containing sodium acetate and then
rolled (4). Colonies were picked with a bent, sterile Pasteur
pipette. The plug of agar containing a colony was transferred
to the liquid of syneresis in a sterile agar slant of mainte-
nance medium. All strains were maintained by monthly
transfer on agar slants incubated at 20°C.
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FIG. 1. Phase-contrast micrographs of strain C2A grown on acetate. (a) Single cells from an exponential phase culture (bar, 5 p.m). (b) Cell
aggregates from a late exponential phase culture (bar, 10 p.m). (c) Aggregates of large cells (A) (bar, 10 p.m). (d) Communal cysts from a late
exponential phase culture (bar, 10 p.m).

Large-scale production of cell material. Cells for biochemi-
cal characterization and determination of the DNA base
composition were grown in a 12-liter fermentor (model MP-
114; New Brunswick Scientific Co., Inc., Edison, N.J.) that
contained 10 liters of maintenance medium. The fermentor
was operated as a pH-stat (32) with acetic acid as the growth
substrate.
Growth methods. The most probable number of acetotro-

phic methane-producing bacteria in sediments was deter-
mined as described previously (10) by using enrichment
medium.
Growth experiments were performed in culture tubes (16

by 150 mm; Belico Glass, Inc.) that contained 10 ml of
maintenance medium. Trimethylamine (0.05 M) was used as
the substrate to avoid the formation of aggregates. The tubes
were sealed with butyl rubber septa secured with aluminum
crimp collars. Cultures were anaerobically transferred with a
syringe (2). Cultures were incubated at 40°C. Growth was
followed at 550 nm with a Spectronic 20 spectrophotometer
(Bausch & Lomb Inc., Rochester, N.Y.). The results are
reported as the mean of values from triplicate cultures.
Glassware for growth factor experiments was cleaned in

concentrated sulfuric acid, rinsed three times with tap water
and six times with deionized water, and then ashed. Media
were prepared with demineralized water that was passed at 5
ml/min through a 1.5- by 18-cm column that contained
activated charcoal (Bio-Rad Laboratories, Richmond, Cal-
if.). The culture tubes were sealed with new butyl rubber
septa that had been rinsed with charcoal-treated water.
Growth at each indicated pH was determined by substitut-

ing for sodium carbonate the following buffers at a final
concentration of 0.1 M: pH 5.5 and 6.0, 2(N-morpholino)eth-
anesulfonic acid (pKa, 6.1); pH 6.5 and 7.0, piperazine N-N'-

bis(2-ethanesulfonic acid) monosodium monohydrate (pKa,
6.8); pH 7.5, N-tris(hydroxymethyl)methyl-2-aminoethane-
sulfonic acid (pKa, 7.5); pH 8.0 and 8.5, N,N-bis(2 hydrox-
yethyl)glycine (pKa, 8.3). All cultures were incubated at
350C.
Molar growth yields were determined during exponential

growth in a pH-stat. The dry weight was determined by
fixing 10 ml of culture material with 2% glutaraldehyde for 15
min and then filtering the cells on a predried filter (0.2-[Lm
pore size; Millipore Corp., Bedford, Mass.). The cells and
filter were washed with deionized water, dried overnight at
900C, and weighed. One optical density unit corresponded to
a cell mass of 0.323 g (dry weight) per liter.

Analytical methods. Coenzyme F420 was partially purified
from cell extract by DEAE-cellulose column chromatogra-
phy, and its concentration was determined spectrophotomet-
rically (32). Protein was determined by the Bradford assay
with bovine serum albumin as a standard (3). Cell walls were
isolated, and the amino acids and amino sugars were ana-
lyzed as described previously (36). Methane was assayed
with a gas chromatograph equipped with a flame ionization
detector (36).
Moles percent guanine plus cytosine. Cells were lysed with

sodium dodecyl sulfate (SDS). DNA was isolated and puri-
fied by the procedure of Marmur (23). The moles percent
G+C was determined by thermal denaturation with a spec-
trophotometer and thermal programmer (model 2400; Gil-
ford Instrument Laboratories, Inc., Oberlin, Ohio) (8).
DNAs from Bacteroides fragilis (VPI 2553) and Escherichia
coli b were used as standards.

Microscopy. Phase-contrast micrographs were made with
a Leitz Dialux microscope. Negative stains and thin-section
electron micrographs were prepared as described previously
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e
FIG. 2. Electron micrographs of strain C2A single cells grown on acetate. (a) Negative stain of whole cells with fimbria-like structures

(bar, 1 ,um). (b) Negative stain of a whole cell showing irregular shape and inclusions (bar, 0.5 ,um). (c and d) Thin sections showing inclusions
(I) (c: bar, 1 ,um; d: bar, 0.2 pLm). (e) Thin section showing the cell wall (CW) and cytoplasmic membrane (CM) (bar, 100 nm).

(36). The procedure for UV fluorescence microscopy was as
described previously (25) with a Leitz Orthoplan fluores-
cence microscope.

Chemicals. Purified agar and yeast extract were from
Difco Laboratories (Detroit, Mich.). Trypticase was from
BBL Microbiology Systems (Cockeysville, Md.). Activated
charcoal was from Bio-Rad. Trimethylamine, dimethyl-
amine, and methylamine hydrochloride were obtained from
Aldrich Chemical Co. (Milwaukee, Wis.). Bovine serum
albumin, vancomycin, RNases A and Tl, DNase I, Triton X-
100, SDS, and all organic buffers and vitamins were obtained
from Sigma Chemical Co. (St. Louis, Mo.). Vitamin-free,
salt-free Casamino Acids were from ICN Nutritional Bioche-
micals (Cleveland, Ohio). All other chemicals were reagent
grade.

RESULTS
Enrichment and isolation. A survey of sediment samples

by a most probable number dilution series indicated that the

acetotrophic methane-producing population ranged from 530
to 4,300/cm3 in the first 20 cm of a depth profile. Strain C2A
was isolated from an enrichment culture inoculated with the
upper 10 cm of this sediment. The predominant organisms in
this enrichment were irregularly shaped cocci that occurred
singly or in pairs and fluoresced blue-green when examined
by UV fluorescence microscopy. Colonies in roll tubes were
pale yellow and were 0.5 mm in diameter after 14 days of
incubation. Surface colonies were smooth, circular, and
convex with entire edges. Several colonies of irregular cocci
were isolated, and strain C2A was selected for further study.

Cell morphology. Acetate-grown cultures of strain C2A in
the exponential phase contained irregular cocci with an
average diameter of 1.9 + 0.2 ,um (Fig. la). A single fimbria-
like appendage was visible in electron micrographs of nega-
tively stained cells (Fig. 2a). These structures did not have
the helical appearance of flagella, and motility was not
observed in wet mounts. Electron-dense granules were seen
in electron micrographs of negatively stained whole cells
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FIG. 3. Electron micrographs of strain C2A cysts. (a and b) Thin sections of the amorphous form showing cytoplasmic inclusions (I),
internal vesicles (V), incomplete septation (S), and the external envelope (E) (a: bar, 5 [Lm; b: bar, 1 ,um). (c) Thin section of the amorphous
form showing internal vesicles with apparent subunit structure (bar, 100 nm). (d) Thin section showing an incompletely formed communal cyst
containing individual cells (C), cytoplasmic inclusions (I), and internal vesicles (V) (bar, 2 ,m). (e) Thin section of a communal cyst containing
only whole cells enclosed by a common envelope (bar, 5 ,um).
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(Fig. 2b) and thin sections (Fig. 2c and d). Although cells
stained gram negative, thin sections revealed a monolayer
cell wall 10 nm thick that is characteristic of described
marine methanogenic bacteria with a protein cell wall (7, 9,
11, 15, 28-30, 36, 39, 40) (Fig. 2e). Pelleted cells were lysed
immediately when suspended in maintenance medium that
contained SDS (0.005%, wt/vol) or Triton X-100 (0.01%, vol/
vol). Lysis also occurred when cells were suspended in
maintenance medium from which either NaCl or MgSO4 was
omitted or when MnSO4 was substituted for MgSO4. Lysis
did not occur when KCl was substituted for NaCI. Acid-
hydrolyzed cell wall preparations contained a wide distribu-
tion of amino acids, which accounted for 98% of the organic
fraction (Table 1). No amino sugars were detected. These
results show that strain C2A contains an osmotically fragile
protein cell wall.
As acetate-grown cultures approached the stationary

phase, aggregates of 2 to 12 cells predominated (Fig. lb).
Loosely associated aggregates of larger cells (3 to 4 p.m in
diameter) were also present (Fig. lc). The predominant form
in stationary phase cultures was a communal cyst composed
of many single cocci within a common envelope (Fig. ld).
When these communal cysts were ruptured by applying
pressure to the cover slip, single, irregular cocci were
released that resembled cells from exponential phase cul-
tures. These cysts ruptured and released single cocci several
days after transfer to fresh medium that contained acetate.
The release of individual cocci occurred sooner when the
cysts were transferred to medium that contained methanol or
methylated amines. Aggregates or communal cysts were not
present in cultures grown with methanol or methylated
amines.

Thin-section electron micrographs of late exponential
phase, acetate-grown cultures showed an amorphous form of
the communal cyst. This form contained incomplete septa-
tion, electron-dense granules, and internal structures that
resembled membrane vesicles (Fig. 3a and b). All of these
components were enclosed within a common envelope ap-
proximately 6 nm thick. The internal membranes were
approximately 10 nm thick and appeared to have subunit
structure (Fig. 3c). These membranes appeared as concen-
tric rings in cross section, which indicated that they may be

TABLE 1. Amino acid content of the hydrolyzed cell wall
preparation of strain C2A

Amino ,umol/mg Molar ratio
acid (dry wt) (His = 1.0)

Glu 0.326 5.66
Ala 0.319 5.53
Gly 0.307 5.32
Asp 0.292 5.07
Leu 0.242 4.20
Lys 0.196 3.40
Ile 0.172 2.98
Val 0.157 2.72
Pro 0.145 2.52
Thr 0.145 2.51
Ser 0.136 2.37
Arg 0.131 2.27
Met 0.102 1.76
Phe 0.096 1.67
Tyr 0.074 1.28
His 0.062 1.00
Cys 0.029 0.51
Trp NDa ND

a ND, Not determined.
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FIG. 4. Effect of NaCl concentration on the growth rate of strain

C2A with trimethylamine. K2CO3 and K2HPO4 were substituted for
Na2CO3 and Na2HPO4. The final Na+ concentration included Na2S
in the medium.

closed vesicles. Some cysts contained both single cells and
components of the amorphous form within a common enve-
lope (Fig. 3d). Communal cysts contained fully developed
cells all surrounded by a thin (6-nm) envelope (Fig. 3e).

Physiology. Sodium acetate, methanol, methylamine, di-
methylamine, and trimethylamine supported growth, with
doubling times of 24.1, 5.2, 6.7, 7.8, and 7.3 h, respectively.
Acetate-grown cells did not grow or produce methane when
transferred to medium that contained H2-CO2 (80:20) or
sodium formate as the sole substrate. The molar growth
yield of strain C2A was 2.4 g (dry weight) per mol of acetate
consumed.

Strain C2A did not require exogenous growth factors.
Trypticase or vitamins (42) did not stimulate growth, but
yeast extract or vitamin-free Casamino Acids were slightly
stimulatory (data not shown). The optimal NaCl range for
growth was between 0.1 and 0.6 M (Fig. 4). No growth
occurred without NaCl. Neither Na2SO4 nor KCl could be
substituted for NaCl, which indicated that both Na+ and Cl-
were required. Maximum growth rates occurred with MgSO4
concentrations between 0.05 and 0.1 M (Fig. 5). No growth
occurred in the absence of MgSO4. MgCl2 substituted for
MgSO4, which indicated that only Mg2+ was required.
Growth occurred over a pH range of 5.5 to 8.0, and the
maximum rate of growth was near pH 6.5 (Fig. 6). No
significant inhibition was observed with any of the buffers
tested, and the pH of the cultures did not change significant-
ly during growth. The maximum rate of growth was at 40°C,
and no growth was detected below 10°C or above 50°C (Fig.
7).

Cell extracts of acetate-grown cells contained 46 ng of
coenzyme F420 per mg of protein. The DNA base composi-
tion was 41 + 1 mol% G+C.

DISCUSSION
Methanogenic isolates that utilize H2 or formate have been

described from a diversity of marine habitats (7, 9, 11, 28-30,
39, 40). Recently, two methylotrophic methane-producing
marine isolates were described that utilize methylated
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FIG. 5. Effect of Mg2+ on the growth rate of strain C2A with

trimethylamine.

amines and methanol, but not acetate (15, 36). Strain C2A is
the first marine methanogenic bacterium described that
utilizes acetate as a substrate.
Methanogenesis has been reported in a variety of marine

sediments. Low rates of methane production occur in sul-
fate-rich marine sediments (34, 35), where sulfate-reducing
bacteria outcompete methanogenic organisms for H2 and
acetate (16, 17, 19, 21, 33). The methane produced in these
sulfate-rich marine sediments may also be derived from
methylated amines, which are not utilized by the sulfate-
reducing bacteria (13, 27, 41). Methane production predomi-
nates in sulfate-depleted marine sediments that receive high
organic loading (26) and in the tidal zones of marshes (14).
Acetate is a major substrate for methanogenesis in nonma-
rine sediments (5, 20) and may also be a major substrate for
methane production in sulfate-depleted marine sediments
(31). Strain C2A was isolated from a marine canyon with
large deposits of kelp and sea grass where acetotrophic
methane-producing bacteria like strain C2A may be impor-
tant in the degradation of organic matter.
The morphology of strain C2A changed during growth on

acetate and depended upon the phase of growth. Only single
cocci were present in exponential phase cultures. As cul-
tures approached late exponential phase, methanosarcina-
like cell aggregates appeared among the single cocci. These
aggregates developed into communal cysts composed of a
loose arrangement of single cocci enclosed within a common
envelope. These cysts were often present in old cultures and
may provide a means of survival. Late exponential phase
cultures also contained a morphological form that resembled
a communal cyst, but had incomplete septation and internal
membrane-like structures. This amorphous form may be an
intermediate stage between the aggregate and communal
cyst.
Although the various cell morphologies of strain C2A were

similar to the acetotrophic isolates Methanosarcina mazei
(22) and Methanosarcina sp. of morphovar 3 (43), there were
significant differences. The cell wall of strain C2A was
thinner than that of Methanosarcina sp. of morphovar 3 and
consisted of protein rather than the SDS-insensitive hetero-

polysaccharide present in M. mazei cell walls (22; S. F.
Hurst, R. W. Robinson, and A. S. Bleiweis, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1982, J10, p. 92). "Microcysts"
and "pseudococci," reported in cultures of Methanosarcina
sp. of morphovar 3, were not present in cultures of strain
C2A. Communal cysts of strain C2A were unlike the macro-
cyst described for Methanosarcina sp. of morphovar 3,
which contained tightly packed pseudococci and "polygo-
nal" cells (43).

Like all other described marine methanogenic bacteria (1,
7, 9, 11, 15, 28-30, 36, 39, 40), strain C2A is gram negative
and SDS sensitive and has a protein cell wall. Protein cell
walls are found only in certain members of the archaeobac-
teria, which include methanogenic bacteria, extreme halo-
philes, and thermophilic sulfur-oxidizing bacteria (12, 37,
38). The cell wall of strain C2A contained a high proportion
of the negatively charged amino acids aspartate and gluta-
mate, a feature found in all described archaeobacterial
protein cell walls (12, 36-38). The ability to lyse strain C2A
by the substitution of MnSO4 for MgSO4 indicates that Mg2+
is required to maintain the integrity of the cell wall. Perhaps
Mg2+ maintains the integrity of the cell wall by binding
loosely with cell wall proteins to reduce the electrostatic
repulsions between the negatively charged subunits (18, 37).
The inability to substitute another divalent cation for Mg2>
may result from differences in their binding properties. Lysis
in the absence of NaCl appears to be an osmotic effect since
KCl could be substituted for NaCl. The ability to gently lyse
strain C2A by elimination of NaCl or MgSO4 or by treatment
with SDS is advantageous for biochemical and genetic
studies of methylotrophic and acetotrophic metabolism.
Immunological fingerprinting (6) by indirect immunofluo-

rescence (S-probe) showed that strain C2A cross-reacted
with members of the Methanosarcinaceae, but did not cross-
react completely with presently described strains (E. Con-
way de Macario, personal communication). rRNA hybrid-
ization studies showed that strain C2A had greater than 85%
homology with described species of Methanosarcina (K. R.
Sowers, J. L. Johnson, and J. G. Ferry, submitted for
publication).
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We propose that strain C2A be placed in the family
Methanosarcinaceae as described by Balch et al. (1), based
on DNA-RNA homologies, immunological fingerprinting,
and the ability to use acetate and other methylotrophic
substrates. Phenotypic characteristics that distinguish this
strain from members of the Methanosarcina are the pres-
ence of a gram-negative protein cell wall, SDS sensitivity,
and a requirement for NaCl and Mg2+. Characteristics that
distinguish it from "M. methylutens" and M. tindarius are

the ability to use acetate as a sole substrate and the forma-
tion of methanosarcina-like aggregates and communal cysts.
We therefore propose that this strain be placed in a newly
described species of methanogenic bacteria, Methanosar-
cina acetivorans. C2A is the type strain.
The following species description is proposed: M. aceti-

vorans sp. nov. (a.ce.tivo.rans). L.n. acetum, vinegar; L.
part. adj. vorans, consuming; N.L. mas. adj. acetivorans,
consuming acetic acid.
Morphovars of this species, when grown on acetate, occur

as irregular cocci, septated cell aggregates, or communal
cysts that contain several individual cocci within a common

envelope. Individual cocci are 1.9 ,um in diameter and
nonmotile. Surface colonies are pale yellow, circular, and
convex with entire edges. Cells are lysed by SDS and
possess a thin (10-nm), gram-negative cell wall. Acetate,
methanol, methylamine, dimethylamine, and trimethylamine
are growth substrates; H2-CO2 (80:20) and sodium formate
are not; NaCl (0.2 M optimum) and Mg2+ (0.05 to 1.0 M
optimum) are required for growth; no exogenous growth
factors are required; the optimum temperature is 35 to 40°C;
the optimum pH is 6.5 to 7.0; it is a strict anaerobe. The
source is anaerobic sediments from the Sumner branch of
Scripps Canyon located near La Jolla, California. The type
strain is C2A. This strain has been deposited in the German
Collection of Microorganisms, Gottingen, Germany, as

DSM 2834 and in the American Type Culture Collection,
Rockville, Md., as ATCC 35395.
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